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AIIS’13<AC’1’
WC present the theoretical and
cxpcrimcntal  rcsu]ts of a ncw class of
micxowavc  oscillators called  opto-
electronic oscillators (01 K)). Wc discuss
techniques of achieving high stability
single mode operation ancl dc.monstratc
the app]icat  ions of 01 iO in photonic
col]l]]l~lllicatio]l  syskms.

IN’I’RODUC1’ION
‘1’raditional  microwave oscillators cannot
mcc.t  all the rcquircmcnts  of photonic.
c{J1llllltlIlicatioll  systems which require
higl~ frequency and low phase noise
si~na]  generations. Bccausc  photonic
systems invo]vc signals in both optical
ald clcctrica] domains, an ideal signal

signal source by both electrical and
optical rcfcrcnccs.

Wc have rcpor(cd  such a signal sourccl,2
that convcr[s continuous light energy into
stab]c and spcctral]y  pure microwave
signals. This Opto-1 ilcctronic  Oscillator,
OEO, consists of a pump laser and a
fccctback  circuit including an intensity
modulator, an optical fiber ctclay  line, a
photoctctcctor,  an amplifier, and a filter,
as shown in liig. 1. Its oscillation
frequency, limited only by the speed of
the modulator, can bc up to 75 CH+~,.~

I’ROPI ‘l<’]’] f is ol~ 01;0
Our studics2 have shown that the 0110
has the following important properties:
1 ) “1’hc  01 W has an electrical output porl
and an optical output port to provide a
microwave signal and a modulated optical
signal simultancoas]y,  eliminating the
costly and Iligh loss electrical-to-optical
and optical-to-electrical conversions for
the Uscl”s.
2) in addition to have an electrical
injection porl for locking tbc 01 iO to a
local rcfcrencc  signal, the 01 ;O has an
opt ical i njcct  ion port for injc.ct  ion locking
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l:ig. 1 l)cvicc  description of the OIiO

SOU]CC should bc able to provide high
frequency signals in both optical and

the OIiO to a remote rcfcrcncc signal,
making it simple to integrate the 0] {0 in a

electrical domains. ]n addition, it should
bc possib]c  to synchroni~.c or control the

photonic  communication systcm,
3) ‘1’hc OIiO is a voltage controlled
oscillator (V(X)) whose oscillation



frequency can bc tune.  by applying a
volt agc to the bias port of the I 1/0
modulator or to a l%ZT fiber strctchcr.
4) No amplifier in the loop is nccdcct if
the optical power of the pump laser is
high enough so that lP~R > Vx /7r is

satisficcl, where In,, is the rcccivcct
photocurrcnt  in the photodetector, R is
~he load resistance of the rcccivcr, and k’.
is the half-wave voltage of the modulator.
‘Mc elimination of the amplifier in the
loop eliminates the amplifier noise,
rcsultin~  in a more stable oscillator.
5) ‘J’hc oscillation frequency is

f..!, “(~ +’1 1 2)/7 or ~,,c = k/7,
dcpcncling on (he bias, where k is an
integer, representing different possib]c
oscillating modes, z is the total group
delay of the loop. For a Mach-7,chndcr
nlodulalor  basccl  0F40,  the oscillation
al ~qditudc is approximate.d as

~t.,, ‘ (2J2 v= /z)J1 -- 1/1 (;$l (1)

WIICIC I G~l is tllc  open loop small signal
gain of the 01X].

6) ‘l’hc< phase. noise spectrum is:

,$R,(f’ ) L- -
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(fi/2T)2 + (2.7t)2(7fo”

for 2m&f’ T <<1 (2.)

where ~’ is the frequency offset from the

osc.illa{ion  frequency $o~, and 6 is the

noise to signal ratio of the 01+0 and is

defined as:

6 ~ pNG: /]:,yc
= [4k,,T(NF) -t 2elp,,R -t NRIN];}, W: /%

(3)

III 1 lq. (3) };,, is the oscillation power of
01 iO and pN is the total noise densit y
input  to the oscillator which equals to the
sun) of the thermal noise, the shot noise,
alicl the laser’s rcla[ive intensity noise

(RIN) densities. in llq. (3), k~ is the
llolt~man constant, 7’ is the al;~bicnt
tcmpcratu~c,  N}; is the noise factor of the
RI  i amplifier, c is the electron charge,
and N~,N is the 1<1 N noise of the pump
laser.
It is cvictcnt  from Eq. (3) that the phase
noise of the OEO dccrcascs  quadratically
with the frequency offset from the
oscillation frequency, as shown in Fig.
2a. For a fixed frcclucncy offset, the
phase noise dccrcascs quadratically with
the loop clclay  time, as indicated in l~ig.
2b. l;or ]argc enough loop delay and
S[l’O1lg CllOLl~tl optical pump power, the
phase noise approaches relative intensity
lCVCI  of the laser, below -140 d13c/1 IZ at
10 k] 1~, for a Mach-Y.chndcr  modulator
based 0110.
7) ‘1’hc 01 ;0’s phase noise is

indcpcndcnt  of the oscillation frequency
jo,,. ‘1’his rcsu]t is significant because it
allows the generation of high frequency
and low pl]ase  noise signals with the
OliO. On the contrary, the phase noise of
a signal generated using frequency
Inultiplying methods generally incrcascs
qua(ira(ically with the frequency.

$$)h4PARlSON 011’1 )11‘1‘10<1 iN’1’
1 Y}’] ;s 01 ‘ 01 K)
Al[hou@  the 01 W in 1 ‘ig. 1 is macic  of a
a M ach-7,chndcr modulator, any type of
intensity nlodu]ators,  sLlch as clcctro-
absorption modulator, directional coupler
modu]ator,  c]ectrmacoustic  modulator, or
cvc.n a di rcctl y modulate.d diode lasc# can
bc used to construct the C) Ii[). 1 lowcvcr,
d iffcrcnt  01 iOs const ructccl using
different modulators have different si~.c,
power rccluircmcnt, stahilit  y, phase
noise, maximum oscillation frequency,
and dcpcnclcncc  on noise sources. Wc
c.omparc  the performance of the.sc 01 ;0s
and find their advantages and limitations.
WC further investigate laser’s RIN noise,
ampl i ficrs 1/f noise, fiber length
fluctuation caused by thermal fluctuation
and acoustic fluctuation, ftbcr’s
nonlinearity and dispersion on the
stability and spectral purity of different
t ypc 01 ‘m. ‘1 ‘he 1’CS1l  Its of these



investigations will be presented at the eliminates the need of a Ill; filter in the
confcrcncc. loop, making the oscillator widely
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l;ig. 2 Single side band phase noise of an OIKI measured at 800 Ml Iz. (a)
Measured phase noise spectra at diffmnt  loop delays and their fits to I k].
(2), (b) Phase noise at 30 kl 1? offset from the center frccplency as a
function of loop delay.

tunable. l:urthcrmorc.  it rcduccs  the

TIKHNIQIJIiS  10R SINGI .11 MO1>I1
S1 iI.lCIUON
In an OK), single mode selection is an
important issue. Wc have shown that
long feedback loop in an OliO results in a
lower phase noise. ] Iowevcr,  Iongcr
loop also cause the mode spacing of the
0110  to bc small, making sing]c mode
sc]cction difficult.
Wc present here a multi-loop tcchniquc
that permits the OliO to operate in a single
mode whi]c having a long loop length,
resulting in a reduced phase noise. It
relaxes the rcc]uircmcnt of bandwidth or

oscill  at ion threshold of the 01 iO by as
much as 6 d}], making it easier to rcali~c
an 01 iO without employing a RI  i

amplifier. We also discuss other
techniques for effective single mode
sckction  and compare their advantages
and short comings.

APPI.ICATIONS
VolIa,gc Controlld  (lscillotor.  As
mentioned earlier, the OHO is a special
VCO with optical as well as electrical
output. Therefore it can perform al 1
functions that a VCO is capable of for
microwave photonic  systems.



l)hotonic  Si,gtml Mixing.  The0110 can
also bc used forphotonic  signal up/dowJ~
conversion. l~orsuch  anapplication,a
stable optical R}: 1.0, or a moctulatcd
optical signal at a R1~ frequency, is
required. The 0130  can accomplish just
that, since one of its outputs gives the RF
oscillation in optical domain.
Carrier Distribution. Bccausc  the OIiO
can bc injection locked by a remote
optical signal, it can bc used for high
frequency RF carrier rcgcncration,
amplification, and distribution. Such a
capability is iJnportant iJl large Jnicrowavc
photoJlic  syslcms.
lrequcncy  mdtijlicalion.  The injcctioJl
locking propcJly  of the 0110  can also bc
used for high gain frequency
multiplication. Wc used subharmonic
injection locking tcchniquc  and
demonstrated phase-]ocking the oscillator
operating at 300 Mllz, to a 100 MII~,
rcfcrcncc  of 4 d13nl. ‘1’hc ouiput of the
oscillator is 15 dBn~,  rcsultiJ~g  in a gain
of ] ] d]] and frcqucJ~cy multiplication
factor of 3. Wc will also discuss
frec]ucncy  multiplication using laser
diodes non]iJ~carity.  IJ~ this schcm, the
01 iO is tuncct  to opt] atc at a nominal
fl’CC]UCJICy  C]OSC tO thC J)th  haJ1llOlliC  Of thC
rcfcrcnce signal driving the laser diode.
(Jpon the injection of the laser’s ou~put,
the 0110 will bc lockcci to the. nth
harmoJlic. ‘1’his schc.mc offcJs remote
frequency multiplication capability and
Jnay bc uscfu] for nMJly microwave
photonic  systems.
Gmh IPrequcwy ad Pulse Ge)lcmliotl.
The 01 iO can also bc used to gcncratc
fJ’CC]UCJICy  combs aJld sqtJarc PLJ!SC. 1 ‘or
this applicatioJl, the OEO is chosen to
OpCHitC  with JJIU]tiJllOdCS.  A siJlusoidal
signal with a frequency equal to the mode
spacing or a Jnultiplc of mode spaciJlg  is
iJ~jcctcd  into the oscillator. Just like laser
mode-locking, this injcctcd  sigJ]al  will
force all modes to oscillate in phase.
Ckmscqucntly,  wc obtain a comb of
frcqucJlcics  that arc in phase. in the time
domain, the output signal is square
pulses.
GYock and cnrricr  rccovcry.  The same
injcctioJ~  locking propclly  of the 01 iO can
also bc used for clock ancl carrier

Jccovcry.  Wc have dcmonstratccl  clock
rccovcry  at 100 Mb/s aJld 5Gb/s, aJd
obtained cxccllcnt  rcsuhs,  Data rates up
to 75 Gb/s can also bc rccovcrcd  using
the injection locking tcchniquc  with an
01 W operating at 7S Gl]z..  AJlothcr
iJnportant  feature of the OEO tcchJ~iquc  is
that the clock can bc rccovcrcd  dircctl y
froJn data just out of a fiber optic
ti-ansmission line, without the need of
optical to electrical conversion. lJ1
addition, the re~ovcrcd  clock signal has
both optical aJld c]cctrical forms and is
easy to intcrfacc  with a fiber optic
conlJnLJnication  Systcm.
SiJnilar to clock rezovcry, a carrier bLwicd
in noise caJ~ also bc rccovcrcd  by the
0] ;0. Wc have also demonstrated the
rccovcry of carrier from Jloisc and
incrcascd  carrier to noise ratio by 50 d]].

“1’his work was carriccl  oLlt at the Jet
I’repulsion 1.aboratory,  ~;alifornia
institute of l’cchJ~ology,  uJldcr  a contract
with the National AcronaLltics  and Space
AdnlinislratioJ1.
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